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Using Geophysical Techniques
To Control In Situ Thermal Rexnediation

Robin L. Newmark and the Dynamic Underground Stripping Project
Gasoline Spill Site Monitoring Team

Robin L. Newmark

ABSTRACT

Monitoring the thermal and hydrologic processes that occur during
thermal environmental remediation programs in near real-time provides
essential information for controlling the process. Geophysical techniques
played a crucial role in process control as well as for characterization during
the recent Dynamic Underground Stripping Project demonstration in which
several thousand gallons of gasoline were removed from heterogeneous soils
both above and below the water table Dynamic Underground Stipping
combines steam injection and electrical heating for thermal enhancement
with ground water pumping and vacuum extraction for contaminant
removaL These processes produce rapid changes in the subsurface properties,
including dhanges in temperature, fluid saturation, pressure and chemistry.
Subsurface imaging methods are used to map the heated zones and control
the thermal process. Temperature measurements made in wells throughout
the field reveal details of the complex heating phenomena. During electrical
heatin& the clay-rich, electrically conductive units heat up, and-fluids begin to
circulate within the neighboringsaturated permeable units. Unsaturated soils
begin to dry out as temperatures increase. During steam injection,
temperatures rise in the steamed zones, and saturation decreases. Since
electrical properties are sensitive to changes in temperature, saturation and
fluid electrical conductivity, electrical techniques are particularly useful for
monitoring these changes. Electrical resistance tomography (ERT) provides
near real-time detailed images of the heated zones between boreholes both
during electrical heating and steam injection= Borehole induction logs show
close correlation with lithostratigraphy and, by identifying the more
permeable gravel zones, can be used to predict steam movement. They are
also useful in understanding the physical changes in the field and in
interpreting the JZRTimages. Tiltmet~s provide additional information
regarding the shape of the steamed zones in plan view. They were used to
track the growth of the steam front from individual injectors. The rapid
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response of the monitoring methods provided near-real time information
regarding the th~al processes, thereby allowing the Operations engineers to
effectively control their subsurface progress.

*Contributors: S. Boydl, W. Dailyl, R Goldman2, R Hunte#, D. Kayes2, K
Kenneally2, A Ramir~l, K Udel12, AL Wdtl,
1Lawrence Liverrnore National Laboratory, Liverrnore, California, 94550
2Universi~ of Gdifornia, Berkeley, California, 94720
3h@seismic, Inc., Bakersfield, Cal~ornia, 93309

INTRODUCI’ION

Researchers at Lawrence Livermore National Laboratory have
colktborated with spedalists in the College of Engineering at the University of
California at Berkeley (UCB) to develop a technique called Dynamic
Underground Stripping to remove localized underground spills in a
relatively short time. Dynamic Underground Stripping adds thermal energy
to speed the removal of contaminantts, utilizing complementary techniques to
heat the heterogeneous soik 1) steam flood strips organic contaminantts from
permeable zones, and 2) electrical resistance heating drives contaminants
from less permeable zones into the more permeable zones from which they
= be extracted. A third tedmology component is the use of geophysical
monitoring to track and image the progress of the thermal fronts, providing
feedback for control of the active processes (Figure 1).

A successful full-scale demonstration of Dynamic Underground
Stripping on a gasoline-contaminated” site has’ been completed.
Approximately 90,000 cubic meters of S@ were dwrmally treated at the LLNL
gasoline spill site, consisting of unconsolidated alluvial interbeds of clays,
sands and gravels.

Between 1952 and 1979, an estimated 17AO0 gallons of gasoline may
have been lost ffom one of four underground fuel tanks located at the former
LLNL fiIling station (Dresen et sl., 1986). After the subsurface plume
developed, fluctuations in the water table over time trapped separate phase
gasoline below the water table and smeared it through the low-permeability
clay-rich soils. It has been estimated that it would take on the order of 200
years to satisfactorily clean up the site using conventional pump and treat
methods (Udell and Hunt, 1987).

Six in~ction wells were installed encircling the region where separate
phase gasoline wz detected
extraction wells capable of

1 Patent pending.

(about 40 m in diameter)j with three &nt@
both pumping ground water arid vacuum

,“,
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extraction. Each injection well consists of two steam injectors, targeting each
of the two zones identifiedas relatively permeable(at approximately 25 and 35
meters depth), and an electrical heating electrode, located in intervening clay-
rich interval.

An electrical pre-heat of the clay-rich soils was conducted during
November and December, 1992, resulting in an average 200C temperature rise,
with individual units reaching over 70W This was performed to ensure that
the electrical contrast between the resistive gravel zones and the conductive
clay-rich zones would be maintained after the gravels were elevated to steam
temperatures. During electrical heatin& as the the clay-rich, electrically
conductive units heated up, fluids began to circulate in the neighboring
saturated permeableunits. Unsaturated soils began to dry out as temperatures
increased

Most of the soil heating was accomplished with steam injection. Two
series of steam passes were conducted, in February and in June, 1993. During
the 10 weeks of recovery operations, over 7400 gallons of gasoline were
removed from the central pluine area. Our characterization indicated that
this region contained about 6200 @Ions of gasoline, half of which was above,
and half below the water tabIe, with separate phase contaminationextending
to X0 meters depth (8 meters below the static water table).

Subsurface imaging methods were used to map the heated zones and
control the thermal processes; the ability to control these prcmsses in near-
reaI time zdlowedus to heat most of the contaminatedzone to 100oC, with the
coolest areas reaching 800C. In a previous demonstration of these
technologies at a clean site, a nuniberof technobgies were tested to determine
the relative utility in terms of operational constraints, resolution, timeliness
and cost (Newrnark et al., 1992). Based on the relative success of these
techniques, a subset was chosen for fiekling at the gasoline spiIl site In this
demonstration, the primary monitoring techniques included temperature
measurements, electrical resistance tomography (ERT), induction logging and
tiltmeter surveys.

Eleven monitoring boreholes were constructed, forming a subsurface
network superimposed over the heating well pattern Each well was designed
for multiple purposes, with 5 cm diameter non conductive fiberglass casing
fitted with four fixed thermocouples and 10 steel ERT electrodes. An
additional borehole in the center of the field was completed without
electrodes or thermocouples. The steel heating and extraction wells were
similarly fitted with fixed thermocouples for additional temperature
information in the field.

Temperature
the ‘ground truth”

TEMPERATURE MEASUREMENTS

measurements
for describing

made in the monitoring wells provided
the extent of resistance heating and the
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progress of the steam fronts through the field. Temperature measurements
and induction logs obtained in the temperate monitoring wells have
proved to be essential for verifying anomalies seen in the tomographic
images. Two types of temperature measurements were obtained; borehole
temperature logs and fixed thermmmuple measuremmts.

Temperatures were logged daily in all the monitoring boreholes. Due
to the high thermal gradients experienced in the field (reaching 800C over a
meter or so in depth), standard temperature logging devices were not
adequate. Temperature loggers developed at UCB utilizing an optical
temperature sensor produced ~cellent results. Since the sensor measures the
radiation hm the well Casins it is nearly insensitive to air convection in the
boreholes, and the probe affects the borehole temperature less than a standard
contact probe woulcL The system was designed for rapid response; as many as
11 wells can be logged simultaneously in less than an hour. The temperature
logs show the details of the heating phmornena through time (Figure ~.
During the electrical pre-heat, joule heating of the conductive clay-rich units
resulted in higher tmnperatures in the vadose zone than in the saturated
clays. Some of the highest temperatures in the saturated zone were measured
in the underlying gravel layer, suggesting that fluid advection was occuming
in this permeable zone Tem@ature logs obtained during the first steam pass
reveal the progress of steam into the more Perm=ble sand and gravel units in
detail. h general, the steam penetrates the most permeable units identifiedin
the lithology log. However, in some cases, steam does not readily penetrate
apparently permeable units; indicatinga large degree of compltity in the flow
pathways in this extremely heterogeneousdl (see, @r example, the interval
between 27-30 m in F@re 2). By the conclusion of the second steam pass, a
combination of conductive and convective heating had resulted in a 25 m
thick zone of soil at or near steam temperature. The only interval at cooler
temperatures was the relatively thick clay-rich zone in the vicinity of me
water table

Fixed thermocouples installed in all monitoring and heating wells
provided fixed point temperature diagnostics, with measurements recorded
around the clock. The time histories of individual thermocouples provide
accurate information regarding the heating and cooling at specific locations as
a response to electrical heatin& steam injection, cool fluid recharge and
conductive heating and cooling (F@re 3).

,-

.,

ELECI’RICALRESISTANCETOMOGRAPHY(ER’11

Electrical Resistance Tomography (ERT) proved to be the most
successful technique for providing near real-time imaging of the active
thermal and hydrologic processes between wells @mirez et al., 1994). ERT
images describe the electrical resistivity distribution in the plane between two
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imaging boreholes. Tomographic images of the electrical resistivity
distribution between two boreholes are constructed using a dipole-dipole
measurement technique to measure the bulk electrical resistivity distribution
in the soil mass. Since the electrical properties of the formation are affected
by primary lithology, temperature, fluid saturation and fluid chemistry, ERT is
useful for tracking both the thermal and hydrologic processes produced during
-C Und=ground Siripping. As a characterization tool, the ERT baseline
(absolute) images are useful for delineating the lateral extent and character of
individual units identified at the borehole (Figure 4). At this site, the gravel
layers are electrically resistive due to their low clay content; the ERT images
reveal the actual connections between sand and @avel layers, proving to be
excdkmt predictors of steam movement

To track changing conditions, ERT difference images were generated
between baseline data and data taken during oxrations. These images only
show the changes that have occmred betwea the two datasets. They proved
essential for process control, delineating the progress of the steam through the
subsurface, and detecting cold spots not yet fully heated. During steam
injection, ERT difference images- w~e generated daily, less- often during
electrical heating. Eight or nine images could be collected and processed in an
average workday, with the results available for review. This timeliness is
essential for control of the process, and led to greater confidence in the overall
safety and effectiveness of the project. The steam front moving through
unheated ground produced the largest change in electrical properties, reducing
the resistivity by as much as 60% of the initial value

Previous work by Newmark and Wdt (1992) and Rarnirez and others
(1993) suggests that the resistivity d=eases are due primarily to the large
temperature increases, and to a lesser extent to changes in fluid saturation or
fluid conductance. Waxman and Thomas (1974) showed that the electrical
conductivity of exchangeable cations in the sediments may constitute a
significant promtion of the total electrical conductance These ions provide
parallel conduction path that is separate from the conduction path through
pore space. The saturation-porosity-electrical resistivity relationships are
different for this path than for fluid-f511edpores. The effects become more
sigrMcant with increasing clay content, decreasing fluid saturation and
increasing fluid resistivity. The obsenmd changes in electrid properties are
adequately predicted using a model that acco.y.nts for the electrical
conductivity from the double layer associated with the clay minerals (e.g.,
Newmark and Wilt, 1992 Ramirez et al., 1993, Ramirez et al., 1994). Other
factors influence the electrical properties of the fortnation. The injected steam
entrains fluid droplets of water from the boiler, which in this case is more
resistive than the resident ground water. The displacement of pore water by
steam should similarly increase the resistivi~. However, the combined effect
of increased temperature, changes in saturation and fluid conductance results
in a decrease in electrical resistivity in the steamed zones. Ramirez and others
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(1994) apply C.hesnut and Cox’s (1978)” modification to the Waxman-Smits
equation (Waxman and ThOmaS(1974)):

Rt=
(&w)-vRw

-1
l+R#Qvb(@Sw)

where

Rw = water resistivity, -ohm-an .
RP resistivity of water-bearing sediment (or rock), ohm-cm
0= fractional porosity
SW= water saturation, fraction of pore volume .
B = equivalent conductanceof exchangeablecations, (cm3/meq)/(ohm-cm)
Qvb = cation exchange capacityof sedimen~meq per an3 of bulk volume
v= combiied saturation and porosityexponent,typicallyabout 2

Using this relationship, the estimated lower bound for liquid saturations in
the lower steam zone is 0.5 (Ramir= et al., 1994).

INDUCIIONLOGS

Induction logs were obtainedin all the monitoring wells before, during
and after both electrical heating and steam injection (Boyd et aL, 1994). W
steam induction logs show close correlation with lithostratigraphy, and are
useful for identifying the more permeablegravels. The site is heterogeneous,
composed of unconsolidated alluvium, with interbedded clays, sands and
gravels. Although the pore fluids are fresh, the large abyndance of clay
minerals in the formation results in high electrical conductance throughout
Therefore, high-permeability gravels are. identified- by relatively high
resistivity, the tighter clays and silts by low resistivity. The baselineresistivity
profiles provide good predictionsof which units will take steam (F@re 5).

Electrical resistivity decreases in the steamed zone The induction logs
reveal the changes in formation electrical properties as a response to steam
injection in greater vertical detail than is provided by the crosshole ERT
images at this site. The induction logs are useful for detailed lithologic
characterization and to aid in the calibration and interpretation of the ERT
images.

TILTMEI’ERMONITOIUNG

..

- .!

Tiltmeters were successfully used to monitor the spread of the steam
fronts using two analysis tdmiques (Hunter and .Reinke, 1993). Tiitmeters
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are extremely sensitive bubble levels, capable of detecting very snd nea.r-
surface angular deformations (to I(P9 radians) resulting from expansion or
contraction of the subsurface due to pressure or thermal effects. Tiltmeter
monitoring is particularly attractive for environmental applications, as the
instrumentation constitutes a surface array, and is noninvasive.

During the Dynamic Underground Stripping Project demonstration, an
array of 17 tiltmeters was used to monitor subsurface steam injection. The
sensors were emplaced at about 3 m depth around the circle of injectionwells,
at distances ranging from 35-60 m from the central extraction wells.

Prior to stearnin~ shott term water injection tests were performed for
site characterization The tilt signalsfrom such tests can indicate variations in
reservoir properties. The tests revealed preferential flow directions in the
lower aquifer (generally to the north and east for the two wells to the north,
toward the south and west for the two wells to the south, more homogeneous
conditions near the two remaining wells); these predictions were consistat
with later evidence of steam flow. Initial analysis indicated that the reservoir
that corresponds to the lower steam zone is of limited lateral extent, a result
supported by analysesof hydraulictestingof wells in the field.

During steam injection, two types of analyses were used. Long-term
data indicates the global growth of the heated zone over a period of several
days. As the steam front approaches an individual tiltmeter, the background
signal changes; the subsequentrollover of the trend is interpreted as the steam
zone approaching and passing under the tiltmeter site (the tilt vector tilts out
as the steam front approaches the tiltmeter, and tilts back in .as the front passes
behind it.) The long-term data were used as a backup system for monitoring
the outward growth of the steam zone

In addition to the long-term data collection, short-term well tests were
conducted during whkh individual injectorswere shut in for about one hour.
Analyses of the pressure transients associated with these tests indicate the
spatial distribution of fluids around the well being tested Each test was
analyzed to determine the distance of the steam front from the injection well
in each of six directions (F@re 6). These analyses were commonly repeated,
with the sextants rotated 3(P to evaluate the consistencyof the results. Results
of these analyses are supported by independent observations in the field; in
particular, the arrival of steam at the monitoring wells. The tiltmeter analyses
extended our understanding of steam movement in the horizontal plane far
beyond the limits of the subsurfacemonitoring network.

SUMMARY

The monitoring techniques fielded during the Dynamic Underground
Stripping Project demonstration played a crucial role in process control as well
as characterization. Ternpera~-e measurements reve”ded the details of the
heating phenomena at specific locations over time. Electrical Resistance
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Tomography (ERT) indicated the preferred steam pathways and provided near
real-time images Of both heafig frOn@ and Saturation changes. The
induction logs were essential for detailed lithoIogic characterization and to aid
in the calibration anti interpretation of the ERT images. Tiitmeters defined
the relative shape of the steam fronts emanating from individual injectors
and the outer perimeter of the stained zones.

During electrical heatin~ temperature measurements provided the
ground truth for bench marking progress. ERT images gave the first
indications of the presence of fluid advection caused by temperature gradients
in permeable zones. During steam injection, the. ERT and tiltmeter results
were essential for effective control of the operations. Temperature
measurements at fixed points were inadequate for the level of controI
required. Both ERT images and tiltmeter analyses provided information
regarding the location of the steam “fronts between individual measuring
points. Knowledge of the shape of the steam tints and the preferential flow
paths led to changes in operational strategy in order to limit the growth of the
steam zone in less advantageous directions or to sweep previously unheated
zones more effectively. These monitoring techniques provide data essential
for developingoperational strategy, understandingthe processes and for rapid
decision-making during operations.
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Figure 1. The Dynamic Underground Stripping
centaminated ground water toward edraction
soil to distill organics. Electrical heating dries

process. Steam drives
walls and then heats the
and distills impermeable

clays. Geophys&l techniques monitor ke process.
*

Figure 2. Temperature logs reveal the details of heating in well TEP-OOZ ~
. electrical heatingof the clay-rich units during the preheat (1/11/93),
● steam passing through the most perrne”able units during the first

steam PaSS(3/11/93), and
● conductive heating of and later penetration of steam into less

permeable units during the semmd steam pass (6/28/93).
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Figure 3. Individual thermocouples reveal the thermal history at fixed
locations in the field. Shown here is a temperature record from a
thermocouple positioned in the gravel unit of the lower steam zone in
well TEP-002, located midway between two steam injection wells, each
18 m away. Each time steam is injected into the lower steam zone,
temperatures at this location begin to rise within 24 hr, evidene of the
extremely high permeability in this zone. During ground water
pumpina cool fluids are drawn across this location from outside the
steamed area, causing temperatures to decrease. Between the two steam
passes, initial recharge of ground water results in rapid coolin~ this
gives rise to more steady-state conditions.

F@ure 4
Top: ERT absolute images reveal the continuity of Iithologic units across

image planes. The resistive units correspond to the more permeable
sand and gravel zones; the conductive units ccxmspond to the clay-rich
intervals. (The apparent pinching-out of units in the center of the
image is due to the increase in resolution radius toward the center of
each image).

Bottom ERT images showing the ~erence between baseline data and
subsequent datasets show the progress of the steam fronts across the
image plane, starting from the first day of steam injection. This image
plane is located approximately 6 m from the nearest injection well, and
is oriented nearly perpendicular to a ‘line linking it and the =traction
wells. Smau decreases in electrical”resistivity are observed within hours
of the start of steam injection Although stearq was initially injected
into only the lower steam zone (centered at about 35 m depth), steam
leaked into the upper steam zone (centered at about 25 m depth)
through the well completion. in the nearby injection well; this is
evidenced by the resistivity decreases in both zones in these images. By
the end of the first steam pass (Day 36), both the upper and lower steam
zones were at or near steam temperature, with conductive heating
occurring in the neighboring clay-rich units. The preferential steam
paths closely follow the more resistive units seen in the absolute
images.

Figure 5: Induction logs in well TEP-005. In the baseline log (11/4/92, solid
curve), the permeable zones have high resistivity. During the first
steam pass (2/24/93, dashed), the narrow heated zone at about 35 m
displays lowered resistivity. After the second steam pass (7/19/93,
dotted), a broad zone from about 15-40 m exhibits both elevated
temperatures and diminished resistivity. The narrow aquifer at 35 m
has experienced ground water recharge; hence, its resistivity is
indicative of heated saturated conditions compared to the hot, dryer
conditions existing during the first steam pass.

.,.,

.-
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F@re 6: Results”of nightly shuth tests show the growing shape of the steam
fronts emanating from two injection wells. Analyses of tests performed
the first night after start of steam injection (heavy shading) indicate
preferential flow. in the north-south direction. The following night’s
analyses (lighter shading) shows the steam front nearing the extraction
wells; steam break-through to the extraction wells occurred during the
next day.
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